The main task of the third Chinese lunar exploration project is to obtain soil samples that are greater than two meters in length and to acquire bedding information from the surface of the moon. The driving component is the power output unit of the drilling system in the lander; it provides drilling power for core drilling tools. High temperatures can cause the sensors, permanent magnet, gears, and bearings to suffer irreversible damage. In this paper, a thermal analysis model for this driving component, based on the thermal network method (TNM) was established and the model was solved using the quasi-Newton method. A vacuum test platform was built and an experimental verification method (EVM) was applied to measure the surface temperature of the driving component. Then, the TNM was optimized, based on the principle of heat distribution. Through comparative analyses, the reasonableness of the TNM is validated. Finally, the static temperature field of the driving component was predicted and the "safe working times" of every mode are given.
Introduction
There are many differences between the atmospheric environment of earth and celestial bodies [1] [2] [3] . For example, there is no air on the moon and the temperature of the environment reaches 127 • C in the daytime, and −183 • C at night. The atmospheric pressure is lower than 10 −10 Pa. The gravitational acceleration of the lunar surface is about 1/6 of the acceleration of the Earth's surface. A large amount of dust is suspended on the surface, which is a primary requirement for the seal design of the system. The main task of the third Chinese lunar exploration project is to obtain soil samples that are greater than two meters long, and to keep the bedding information from the surface of the moon. Due to meteorite impact, there are friable soils and high compactness soils. Furthermore, there is basalt on the moon. In the process of drilling, the working load is different depending on the drilling objects.
The driving component is the power output unit of the drilling system in the lander, and it consists of a rotary motor and planetary reducer. The temperature will rise at a rapid rate when the unit works on the moon. With respect to the rotary motor, the high temperature may cause the lifetime of the Holzer sensor (Zhong Xu, Nanjing, China) to decrease, resulting in burn-out and permanent magnet demagnetization. With respect to the planetary reducer, the elevated temperatures may cause a lubrication failure and decrease gear strength. In order to ensure that the system can work reliably, thermal analyses and experimental verification of the driving component should be conducted. 
Heat Source Analyses of the Rotary Motor
The heat source in the motor includes stator iron loss, winding copper loss, and mechanical loss.
Analyses of Iron Loss
According to the working principle of the motor, iron loss can be divided into hysteresis loss, eddy current loss, and additional loss. Iron loss can be expressed as:
= + +
Fe h e ex P P P P (1) where PFe is the iron loss (W), Ph is the hysteresis loss (W), Pe is the eddy current loss (W), Pex is the additional loss (W). Unit mass of the iron loss can be expressed as: 
where Kh is the hysteresis loss coefficient, Ke is the eddy current loss coefficient, kex is the additional loss coefficient, f is the frequency (Hz), and Bm is the maximum magnetic flux density (T). When the motor works in a normal magnetic flux density range (1 T < Bm < 1.8 T), the iron loss can be expressed as: 
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where C Fe is the iron loss coefficient, G is the weight of the core (kg).
Analyses of Copper Loss
According to the Joul-Lenzs laws, copper loss is equal to the product of the resistance and the square of the current. Copper loss can be expressed as:
where P Cu is the additional loss (W), R Cu is the resistance of each phase of the motor at the current temperature (Ω), and I is the average phase current in a motor working cycle (A).
Analyses of Mechanical Loss
The mechanical loss contains windage loss and bearing loss. Due to the vacuum state on the moon, windage loss can be neglected, and only bearing loss is considered. The local method was used to calculate bearing heat. Bearing heat mainly includes sliding heat between the ball and raceway, gyroscope rotational heat, spin heat, sliding heat between the cage and ring, and the sliding friction heat of the cage.
where H t is the bearing heat (W), H 1mj is the sliding heat between the ball and raceway (W), H 2mj is the gyroscope rotational heat (W), H msj is the spin heat (W), H cj is the sliding heat between the cage and ring (W), and H CL is the sliding friction heat of the cage (W).
Heat Source Analyses of the Planetary Reducer
Frictional power loss can be caused by the process of gear meshing. For a contact area (C), the heat flux generated by the frictional sliding of meshing teeth can be expressed as:
where q 1c is the frictional heat flux density of a driving gear (W/m 2 ), q 2c is the frictional heat flux density of a driven gear (W/m 2 ), β is the coefficient of friction heat flow distribution, η is the coefficient of friction power loss turning into thermal energy, µ c is the friction coefficient of a mesh surface, p Nc is the contact pressure of mesh surface (Pa), and v gc is the relative speed of the driving gear and driven gear (m/s).
Thermal Analyses of the Driving Component Based on the Thermal Network Method

The Basic Principle of the Thermal Network Method
The TNM is a thermoelectric analogy. Based on the law of energy conservation, the TNM is used in order to segment the driving component into nodes, between which thermal resistances exist. The heat flowing into the node equals the heat flowing out of the node and the heat that makes the node temperature rise. For the static state temperature field, the thermal model is segmented into n nodes using the TNM. The heat flowing into the node equals the heat flowing out of the node. The static state equilibrium equations of the n-node system are expressed as:
where Q 1 , Q 2 , . . . , Q n is the heat which makes the temperature of the node 1, the node 2, . . . , the node n rise (W), T 1 , T 2 , . . . , T n is the static temperature of the node 1, the node 2, . . . , the node n (K), and n is the number of the nodes.
The Principle of Transient Temperature Rise Analyses
With respect to the transient state temperature field, the heat flowing into the node equals the heat flowing out and also the heat that causes the temperature of the node to rise. The transient state equilibrium equation of the n-node system is expressed as:
where i is the node number, ρ i is the density of node i (kg/m 3 ), c pi is the specific heat of node i (J/(kg·K)), V i is the volume of node i (m 3 ), and Q i is the difference of heat flowing into the node and heat flowing out of the node (W).
Thermal Resistance
Three categories of thermal resistance are considered.
Conduction Resistance
When the study object is a plane, the conduction resistance can be expressed as:
where R w is the conduction resistance of a plane (K/W), L w is the object length of heat transfer direction (m), λ is the conductivity of the material (W/(m·K)), A w is the wall surface area in vertical direction of heat transfer (m 2 ). The conduction resistance of a cylindrical surface can be expressed as:
where R c is the conduction resistance of a cylindrical surface (K/W), r i and r o are the radius of the cylindrical inner wall and outer wall (m), and L c is the axial length perpendicular to the direction of heat flow (m).
Contact Resistance
Contact resistance and the contact heat transfer coefficient can be expressed as: Under ideal conditions, the radiation resistance of a grey body can be expressed as:
where A r is the area of radiation surface (m 2 ), T 1 is the thermodynamic temperature (K), T 0 is the thermodynamic temperature of environment (K), σ is the radiation constant of blackbody (W/(m 2 ·K 4 )), and ε is the emissivity.
Node Partition and the Model of the Driving Component
The driving component is divided into 100 nodes, of which 54 nodes constitute the structure of the motor and 46 nodes constitute the structure of the reducer. Node partition of the driving component is shown in Figure 2 . where Rct is the contact resistance (K/W), hc is the contact heat transfer coefficient (W/(m 2 ·K)), Act is the nominal contact area (m 2 ), c ct A is the actual contact area (m 2 ), Lg is the thickness of the gap between contact surfaces (m).
Radiation Resistance
Under ideal conditions, the radiation resistance of a grey body can be expressed as:
where Ar is the area of radiation surface (m 2 ), T1 is the thermodynamic temperature (K), T0 is the thermodynamic temperature of environment (K), σ is the radiation constant of blackbody (W/(m 2 ·K 4 )), and ε is the emissivity.
Node Partition and the Model of the Driving Component
The driving component is divided into 100 nodes, of which 54 nodes constitute the structure of the motor and 46 nodes constitute the structure of the reducer. Node partition of the driving component is shown in Figure 2 . The serial numbers and definitions of all nodes are shown in Table 2 . The serial numbers and definitions of all nodes are shown in Table 2 . According to the node partition, the thermal network model of the driving component is shown in Figure 3 . According to the node partition, the thermal network model of the driving component is shown in Figure 3 . 
Solution of the Temperature Rise Equations
The working time of the driving component on the moon is less than 2 h; the inner temperature cannot reach an equilibrium state in an environment with no convection. In this paper, mainly the transient temperature field is studied. The transient heat equation of every node can be expressed as:
The transient heat equations of the driving component can be expressed as:
= ρ 100 C p100 V 100
Equation (16) is a multiple high-order non-linear equation; the quasi-Newton method is used in order to solve the equation. The general form of the system equations can be expressed as:
The quasi-Newton method for solving the equations of the general formula (Equation (17)) can be expressed as:
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Calculation of the internal temperature field of the driving component is realized using MATLAB (version R2010a, https://www.mathworks.com/); the relationships between the modules are shown in Figure 4 .
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Results and Analyses
When the environmental temperature is 80 • C, the working speed is 300 rpm and the working load is 6 Nm (80 • C-300 rpm-6 Nm for short); the power loss of the motor and reducer is shown in Table 3 , and the inner temperature field after 10 min is shown in Figure 6 . 
When the environmental temperature is 80 °C, the working speed is 300 rpm and the working load is 6 Nm (80 °C-300 rpm-6 Nm for short); the power loss of the motor and reducer is shown in Table 3 , and the inner temperature field after 10 min is shown in Figure 6 . Figure 6 . Inner temperature field after 10 min.
In Figure 6 , the temperature of node 76 of the stator tooth is the highest in the motor (90.1 °C). In the reducer, the highest temperature occurs at the location of node 70 (93.1 °C).
Experimental Verification
The surface environment of the moon is very different from that of Earth. Two factors that affect the temperature increase the most are the environmental temperature and the high vacuum state. On the moon, the atmospheric pressure is below 10 −10 Pa; in order to reduce the influence of the extreme environmental temperature, a protection shield is mounted on the outside of the drilling system, which can maintain the environmental temperature of the drilling system between −40 °C and 80 °C. In the ground simulation experiment, ambient temperature and atmospheric pressure are the two main aspects that are simulated.
Overview of the Vacuum Test Platform
The vacuum test platform was established based on the vacuum chamber. The inside of the vacuum chamber includes the driving component, couplings, and temperature-testing equipment, among other components. The outside of the vacuum chamber is composed of a photoelectric encoder, torque sensor, hysteresis brake, and other components. The vacuum platform is shown in Figure 7 .
Eight Pt100 temperature sensors (XETC, Harbin, China) were used in the experiment in order to test the temperatures at different locations. Test point 1 to test point 6 are arranged from the front of the surface to the end surface, in turn, on the driving component. Test point 7 and test point 8 are located on the surface of the stator tooth and stator yoke, respectively. The locations of test sensors are shown in Figure 8 . In Figure 6 , the temperature of node 76 of the stator tooth is the highest in the motor (90.1 • C). In the reducer, the highest temperature occurs at the location of node 70 (93.1 • C).
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The surface environment of the moon is very different from that of Earth. Two factors that affect the temperature increase the most are the environmental temperature and the high vacuum state. On the moon, the atmospheric pressure is below 10 −10 Pa; in order to reduce the influence of the extreme environmental temperature, a protection shield is mounted on the outside of the drilling system, which can maintain the environmental temperature of the drilling system between −40 • C and 80 • C. In the ground simulation experiment, ambient temperature and atmospheric pressure are the two main aspects that are simulated.
Overview of the Vacuum Test Platform
Eight Pt100 temperature sensors (XETC, Harbin, China) were used in the experiment in order to test the temperatures at different locations. Test point 1 to test point 6 are arranged from the front of the surface to the end surface, in turn, on the driving component. Test point 7 and test point 8 are located on the surface of the stator tooth and stator yoke, respectively. The locations of test sensors are shown in Figure 8 . 
Test of the Transmission Resisting Torque
In the test system shown in Figure 7 , there is transmission-resisting torque because of the influence of the coaxial degree. The working torque consists of the transmission-resisting torque and the torque of the hysteresis brake:
where N is the working torque (Nm), Nt is the transmission resisting torque (Nm), Nh is the torque of the hysteresis brake (Nm). Torque sensor T is mounted below the driving component ( Figure 9 ). To make the system work under no load, the transmission-resisting torque at different working speeds can be acquired. The resisting torque is shown in Figure 10 . 
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Results of the Vacuum Tests
Taking 80 °C-300 rpm-6 Nm as an example, the temperature of the test points after a 10-min working time are shown in Figure 11 . According to the comparisons, there is an error between the theoretical results and the experimental results. For example, the theoretical temperature of test point 1 was 86.6 °C, and the experimental result was 88.0 °C. The theoretical temperature of test point 2 was 87.7 °C, and the experimental result was 88.8 °C. The theoretical temperature of test 7 was 90.07 °C, and the experimental result was 91.9 °C. In the theoretical analyses, there are assumptions in the model and the assumed parameters cannot be fully consistent with the actual parameters; thus, errors exist between the theoretical and experimental results. 
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Thermal Network Optimization Method
Thermal Network Optimization Method Based on Heat Distribution
In this section, the motor stator and gear meshing area, which are the main heat generating areas, will be explained.
In the motor thermal model above, there are three nodes in the stator tooth, stator yoke, and stator surface. In the optimization model, according to the change of radial loss density, the three areas are refined to be eight nodes, and the optimized model of the stator is shown in Figure 12 . 
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Thermal Network Optimization Method Based on Heat Distribution
In the motor thermal model above, there are three nodes in the stator tooth, stator yoke, and stator surface. In the optimization model, according to the change of radial loss density, the three areas are refined to be eight nodes, and the optimized model of the stator is shown in Figure 12 . In the reducer thermal model above, there are four nodes in the model of the gear meshing tooth; they are node 1 to node 4 in the Figure 13a . In order to introduce the axial heat distribution and heat transfer process, node 2 and node 3 are refined in the axial direction. The optimized model of the gear meshing tooth is shown in Figure 13 . 
Optimization Result Analyses
The optimization model is solved using MATLAB. The node temperature of the 80 °C-300 rpm-6 Nm mode is shown in Figure 14 .
After 10 min of working time, the theoretical temperature of test point 1 was 88.1 °C and the experimental result was 88.0 °C. The theoretical temperature of test point 2 was 90.3 °C, and the experimental result was 88.8 °C. The theoretical temperature of test 7 was 92.0 °C, and the experimental result was 91.9 °C. The contrast curves of the eight test points are shown in Figure 15 . In the reducer thermal model above, there are four nodes in the model of the gear meshing tooth; they are node 1 to node 4 in the Figure 13a . In order to introduce the axial heat distribution and heat transfer process, node 2 and node 3 are refined in the axial direction. The optimized model of the gear meshing tooth is shown in Figure 13 . 
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Optimization Result Analyses
After 10 min of working time, the theoretical temperature of test point 1 was 88.1 °C and the experimental result was 88.0 °C. The theoretical temperature of test point 2 was 90.3 °C, and the experimental result was 88.8 °C. The theoretical temperature of test 7 was 92.0 °C, and the experimental result was 91.9 °C. The contrast curves of the eight test points are shown in Figure 15 . 
The optimization model is solved using MATLAB. The node temperature of the 80 • C-300 rpm-6 Nm mode is shown in Figure 14 . In Figure 15 , the error of test point 2 was the largest of all test points. The error of the theoretical and experimental results was 1.5 °C. With respect to the temperature rise trends, the theoretical trend of the first seven test points were the same as the actual trend. In the first 200 s, the temperature increase was slow; however, it sped up after 200 s, and the temperature rise trend presented a concave shape. However, the opposite trend occurs in the curve of the theoretical trend of test point 7. In the early stage of working, the net heat flow of test point 7 is greatest because of the stator tooth in the heat-generating area. With the increase in temperature differences with other nodes, the net heat flow decreases and the temperature rise rate decreases. Thus, the theoretical temperature rise trend of test point 7 presents a convex shape. In the temperature-measurement process, the heat source temperature, measured using the test point, is indirect and is equivalent to increasing the heat conduction process in the conduction path. Meanwhile, because of the inner structure, the connection of the temperature sensor and the stator tooth is not very good; the test value lags behind the actual value, and the experimental curve of test point 7 presents a concave shape.
Theoretical Prediction of the Static Temperature Field
According to the differences in lunar soil compactness, the working modes of the driving component are very different. In this section, taking mode A and mode B as examples, the heat flow of each mode is acquired, based on working parameters. The parameters of mode A and mode B are shown in Table 4 . In Figure 15 , the error of test point 2 was the largest of all test points. The error of the theoretical and experimental results was 1.5 °C. With respect to the temperature rise trends, the theoretical trend of the first seven test points were the same as the actual trend. In the first 200 s, the temperature increase was slow; however, it sped up after 200 s, and the temperature rise trend presented a concave shape. However, the opposite trend occurs in the curve of the theoretical trend of test point 7. In the early stage of working, the net heat flow of test point 7 is greatest because of the stator tooth in the heat-generating area. With the increase in temperature differences with other nodes, the net heat flow decreases and the temperature rise rate decreases. Thus, the theoretical temperature rise trend of test point 7 presents a convex shape. In the temperature-measurement process, the heat source temperature, measured using the test point, is indirect and is equivalent to increasing the heat conduction process in the conduction path. Meanwhile, because of the inner structure, the connection of the temperature sensor and the stator tooth is not very good; the test value lags behind the actual value, and the experimental curve of test point 7 presents a concave shape. In Figure 15 , the error of test point 2 was the largest of all test points. The error of the theoretical and experimental results was 1.5 • C. With respect to the temperature rise trends, the theoretical trend of the first seven test points were the same as the actual trend. In the first 200 s, the temperature increase was slow; however, it sped up after 200 s, and the temperature rise trend presented a concave shape. However, the opposite trend occurs in the curve of the theoretical trend of test point 7. In the early stage of working, the net heat flow of test point 7 is greatest because of the stator tooth in the heat-generating area. With the increase in temperature differences with other nodes, the net heat flow decreases and the temperature rise rate decreases. Thus, the theoretical temperature rise trend of test point 7 presents a convex shape. In the temperature-measurement process, the heat source temperature, measured using the test point, is indirect and is equivalent to increasing the heat conduction process in the conduction path. Meanwhile, because of the inner structure, the connection of the temperature sensor and the stator tooth is not very good; the test value lags behind the actual value, and the experimental curve of test point 7 presents a concave shape.
According to the differences in lunar soil compactness, the working modes of the driving component are very different. In this section, taking mode A and mode B as examples, the heat flow of each mode is acquired, based on working parameters. The parameters of mode A and mode B are shown in Table 4 . With the increase in surface temperature, the radiation power will be equal to the heat-generating power when the system achieves equilibrium. According to the parameters of each mode, the theoretical prediction of the static temperature field are shown in Figure 16 . With the increase in surface temperature, the radiation power will be equal to the heatgenerating power when the system achieves equilibrium. According to the parameters of each mode, the theoretical prediction of the static temperature field are shown in Figure 16 . In Figure 16 , the inner node's temperature of the reducer is generally higher than that of the motor. In the lunar environment, the static temperature of the driving component is very high when the heat radiation is the only cooling method. The discontinuous working mode should be used in order to avoid damage due to the high temperature.
The Prediction of Safe Working Times
High temperature can cause irreversible damage to sensors, the permanent magnet, gears, and bearings. In this section, the TNM is used to predict safe working times in which the maximum temperature of the motor reaches 150 °C. For modes A and B, the temperature rise curves of the maximum-temperature node in the motor are shown in Figure 17 . In Figure 16 , the inner node's temperature of the reducer is generally higher than that of the motor. In the lunar environment, the static temperature of the driving component is very high when the heat radiation is the only cooling method. The discontinuous working mode should be used in order to avoid damage due to the high temperature.
High temperature can cause irreversible damage to sensors, the permanent magnet, gears, and bearings. In this section, the TNM is used to predict safe working times in which the maximum temperature of the motor reaches 150 • C. For modes A and B, the temperature rise curves of the maximum-temperature node in the motor are shown in Figure 17 .
High temperature can cause irreversible damage to sensors, the permanent magnet, gears, and bearings. In this section, the TNM is used to predict safe working times in which the maximum temperature of the motor reaches 150 °C. For modes A and B, the temperature rise curves of the maximum-temperature node in the motor are shown in Figure 17 . In Figure 17 , the time that it takes the temperature to reach 150 °C is 1341.5 s in mode A, and 2014.7 s in mode B.
Conclusions
(1) According to a comparison of the theoretical and experimental results, the results of the TNM are reasonable and the optimization method, based on heat distribution, is feasible. In Figure 17 , the time that it takes the temperature to reach 150 • C is 1341.5 s in mode A, and 2014.7 s in mode B.
(1) According to a comparison of the theoretical and experimental results, the results of the TNM are reasonable and the optimization method, based on heat distribution, is feasible. (2) In the reducer, the energy was conducted from the input side to the output side, and from the sun gear to the ring. In the motor, the energy was conducted from the output side to the end, and from the stator to the axis and shell. (3) The static temperature field of mode A and mode B were acquired, and the discontinuous working mode should be used in order to avoid damage due to the high temperatures. A safe working time, in which the maximum temperature (150 • C) in the motor was predicted, and the sampling task on the moon can be achieved safely and reliably.
